Shadow water, a term introduced to the water literature in this paper, is shown to be a crucial component of the supply side of the population -water resources equation in water-strained countries and helps keep this equation in a state of equilibrium.
. The fact that one cannot feel or hold shadow water, the reflection of real water, in just the same way as she/he cannot feel or hold a shadow, the reflection of a real object. . The amount of shadow water is not necessarily equal to the real water it reflects in much the same case as the size of a shadow of an object is not necessarily equal to the size of the real object it reflects. . In the dictionary (Webster, seventh collegiate), "shadow" has a meaning of "having form without substance, (-government)" like a shadow Cabinet. The imports provide a form for water but no substance (no real water flows). . In economics, the term "shadow prices" is not used to denote the ruling market prices but prices which reflect social costs and benefits, in order to calculate what might be termed as the social and intangible benefits. Shadow water, in this sense, has a market price, and also social costs and benefits, as shall be discussed below. Invisible as the shadow water is, it has a primary role in balancing the populationwater resources equation in water-strained countries, with immense social and economic benefits.
Water, as addressed herein, takes the forms of blue water (surface and groundwater), green water (soil water stored in the soil by surface tension and capillary action), grey water (return water from beneficial uses), and silver water (desalinated brackish or sea water).
The population-water resources equation
People generate the demand for freshwater to meet a variety of purposes associated with their livelihood, well-being and the needs of the environment. Meeting municipal needs, industrial needs and the need to grow food generate primary water demands addressed in this paper. Other important needs uncovered by the study are environmental, power generation, transportation and others.
Meeting municipal demand ranks first on the priority scale of water management. Industrial demand ranks second; agriculture, the process of producing food commodities rank third, most of the time.
Only fresh blue water can meet the municipal water demand while the needs of industrial, agricultural and even power generation can be replaced by imports. The focus of this paper is on the role that shadow water plays in attaining water equilibrium in respect of agricultural and industrial demands.
The water need at the point of use for each of the above purposes is its respective water threshold and the water at the source needed to supply that threshold is referred to herein as the water demand. Municipal demand can be met by blue water supply treated to drinking standards. Industrial demand of the country can be met by both blue water for domestic manufacturing and shadow water through industrial imports, and the agricultural demand can be met by a combination of controlled blue water used in irrigation domestically, green water resulting from precipitation on the farmed areas and shadow water made available through agricultural commodities imports. Shadow water, although incapable of bridging the gap in municipal water supply, can provide an opportunity to reallocate agricultural blue water to municipal uses and replace the amount so diverted with shadow water.
For a state of water equilibrium to exist in each category of use, the summation of the respective water supply and the associated water demand should be nil:
where W s is the water supply for each purpose and W D is the water demand for the respective purpose. It follows that for an overall state of water equilibrium, the summation of overall water supply and overall water demand vanishes too.
To quantify the water demand, a virtual environment is imagined whereby the country under consideration is visualized as being able to produce all the commodities it needs and that the water conveyance efficiency from source to destination is equal to that assigned to it in accordance with its income category. We resort to a virtual environment because economics presents a barrier to the domestic production of all needed commodities. Other technical, human and financial capital constraints pose further barriers, especially for developing countries. A virtual environment removes all such barriers. Mathematically, numbers used in calculations in an imaginary setting (the virtual environment) are treated as imaginary numbers, i.e. each is a real number multiplied by the square root of (21), referred to in mathematics as i.
Water supply
The water supply in any given country is understood to consist of the annual safe yield of the following sources of water, measured at the respective source:
. surface water, a component of blue water . ground water, a component of blue water . soil water consisting of green water . desalinated water referred to here as silver water . reclaimed water, also termed grey water, consisting of treated municipal water and treated agricultural drainage water where applicable, and . shadow water made available through commodity imports.
The aggregate water demand is the total amount, calculated at the respective indigenous water source, needed to meet the municipal, industrial and agricultural requirements.
Water demand in the virtual model

Categories of world countries
Water demand per capita for each of the three purposes considered in this paper is a function of social and economic factors on top of which is the standard of living of the population generating the demand for commodities. The countries of the world fall into four main economic categories in accordance with the per capita share of national income 1 .
1 Low income category includes countries with the average share of the gross national income per capita per year does not exceed US$755. Lower middle income is US$756-2995, upper middle income is US$2995-9265) and the high income category is where that share equals or is in excess of US$9266. See website http://worldbank.org/data/countryclass/classgroups.htm
Municipal water threshold and shadow water
The author made calculations of the average withdrawal for consumption of municipal water for the four income categories in the world using data in the literature (Gleick 2000) . The world averages were found to be 137, 65, 41 and 20 m 3 /capita/year for the high, upper middle, lower middle and low income categories, respectively, measured at the source of water. The corresponding averages in the countries of the Middle East were found to be 125, 71, 48 and 11 m 3 /capita/year, respectively. Two assumptions have to be made in this regard. One assumption sets the desired level of municipal water consumption at the point of use, or the municipal water threshold and the other sets a measure of municipal water efficiency of conveyance, storage and distribution. Guided by the above world averages, the desired levels of municipal water threshold are set at 90i, 73i, 55i and 38.5i m 3 /capita/year for the four income categories, respectively, with the i denoting a virtual environment. The second assumption relates to the overall efficiency of water conveyance to the consumer and it is assumed herein to be averaging 0.90, 0.85, 0.80 and 0.70 for the four income categories, respectively. These efficiencies yield magnification factors of 1.111i, 1.764i, 1.25i and 1.428i to be multiplied by the water threshold to obtain the municipal water demand. With these assumptions, the municipal water demand has a negative sign as a result of i 2 which is equal to (21). Table 1 shows the results of municipal water calculations.
Industrial water threshold and shadow water
The industrial water threshold is the amount per capita per year needed to manufacture the goods that a person needs. Again, this threshold is a function, among other factors, of the economic category of the subject country. Water per capita withdrawal (at the water source) for industrial purposes in the world is 98.81 m 3 /y (Gleick 2000) . However, to compute the water usage at the point of use for each economic category, an assumption has to be made in the absence of better data. It is assumed that the ratios of the industrial water threshold between the four income categories are 1:2:3:5 for low, lower middle, upper middle and high incomes, respectively. With this assumption, the weighted industrial water threshold is computed to be 47, 94, 141 and 235 m 3 /capita/year for the four income categories, respectively. At the water source and using the same multiplier as applied above for municipal water, the industrial water demand for the countries of the Middle East is as shown in Table 2 . Table 2 indicates that all the countries of the Middle East are net importers of industrial goods by virtue of the magnitude of industrial shadow water for each. From a water angle, each country benefits from exogenous industrial water used in the exporting country. In a way, each country is sharing the use of its industrial water with the respective exporting country.
Determination of agricultural water threshold and demand
Determination of agricultural water threshold
Food consumption is a function of the financial affordability of the consumer and his or her standard of living and, to some extent, on taste, traditions and social habits. Obviously, each country in this regard is unique and warrants separate analysis in which actual country data are used. The approach adopted herein addresses the economic categories of countries as described above, but is also fit for the separate analysis of the conditions of individual countries.
The average food diet of each income category is examined by averaging the daily calorie intake per capita of each grouping among the countries of the region. The average diet of the industrialized western countries is also examined and included for comparison. The average calorie intake per capita in each of these groups is shown in Table 3 .
The statistical values in Table 3 show inconsistency between the calorie intake of the lower middle income and the upper middle income categories of the region. The daily calorie intake of the former is shown to be greater than that of the latter, something that is inconsistent with the respective per capita income of both groups. The reason could be the price controls on food commodities in some of the lower middle income countries of the region (primarily Syria and Egypt). Government food subsidies are popular in those countries, thereby leading to the higher reported food consumption. In a free market environment like Jordan, for example, the daily calorie intake in the year 2000 was in the order of 2,771 calories of which 351 calories were animal based and 2,420 calories were plant based (figures reported by FAO in the same source of table data). The low income countries consumption figure represents that of Yemen, the only low income country in the region.
A generalized consumption pattern, consistent with the per capita income and guided by the existing patterns shown in Table 3 , may be assumed for the income categories in the region. Table 4 represents such a generalized consumption pattern to be used in the determination of water needs for agricultural purposes.
The amount of water needed to produce the food that yields the above calories will be calculated next. Elmusa (1997) , citing the works of others (Doorenbos and Kassam 1986: El-Jaafari & Shaaban 1995 ; US Department of Agriculture 1981, 1991) adopted a food diet for the West Bank and Gaza (lower income economy.) The constituents of the food diet producing 2,700 daily calories of which 2,400 are plant based and 300 are animal based. The annual amount of water needed to produce the said daily calories is, on average, 484 m 3 for the plant-based calories and 343 M 3 for the animal-based calories, a total of 827 M 3 per capita per year. Projecting these calorie-water equivalence figures in Table 4 , the agricultural water threshold to produce the calories stated therein would be as shown in Table 5 .
An examination of the agricultural productivity per unit land area of countries in the Middle East and the advanced industrial countries reveals that the advanced countries have an overall productivity per unit land area equals to about 140% of the lower middle income countries in the Middle East 2 . This increment in productivity is achieved using, among other technological and capital assets, about 30% less water at the point of use than is the case with the lower middle income countries. Hence, the productivity per cubic meter of water in the advanced countries is 1.40/0.70 ¼ (2.0), or twice the productivity per cubic meter of irrigation water in the lower middle income countries. The comparison of water productivity for the upper middle income is assumed to be equal to 1.3 times that of the lower middle income and that of the low income category equal to 0.70 the productivity of the lower middle income (Table 6 ). These estimates can be refined for countries where better field data is available. The water productivity, measured in daily calorie per cubic meter of water per year and taking the base of the lower middle income (2,400 calories per day costing 484 m 3 /y and 300 costing 343 m 3 /y), is shown in Table 7 . The amount of water needed to produce the food commodities that would yield the generalized calorie intake for the income categories constitutes the agricultural water threshold under virtual environment conditions. Table 8 shows these annual water amounts for the four income categories.
Efficiency considerations
Determination of the amount of water at the source requires determination of the water multiplier, which is the inverse of the water efficiency. An overall irrigation water efficiency in the virtual model is assumed for each of the income categories. Efficiency values of 0.55, 0.60, 0.65 and 0.70 are assumed for the low, lower middle, upper middle and high income categories, respectively. The corresponding multipliers are the inverse values of efficiency values, or 1.8182i, 1.6667i, 1.5385i and 1.4285i, respectively, existing as noted above in the imaginary plane and denoted by the multiplication of the Source: pro rata taking lower middle income figures as a base for the calorie/water ratio and applying them to the calorie intake of the other income categories as listed in Table 3 . complex number parameter, i. Agricultural water demand (at the source) is the product of the multiplier times the agricultural water threshold shown in Table 7 . The agricultural demand is shown in Table 8 and the figures are rounded up to yield a round figure.
Countries of the Middle East and their income categories along with the water demand for each broken down into agricultural, municipal and industrial demand are shown in Table 9 .
Adjustment of agricultural water demand
Production of certain food commodities can be achieved in salt water. An example is fish and shellfish obtained from the open seas. Agricultural water demand should be adjusted to account for the fish obtained from the sea. Such an adjustment is attempted herein using the water needs for fisheries as reported by El Musa. The adjustment amounts are shown in Table 10 . Source: Division of the contents of Table 5 by the respective productivity weight of Table 6 . Tables 1, 2 and Table 8 .
Calculation of water potential, W P
Renewable water resources (W R )
The renewable water resources in any country are the surface W sr and ground water W Gr , (blue water), the green water W Gn , recycled (grey) water W r and desalinated (silver) water W d . All but the green water are usually measured, sometimes synthesized. The water potential, W P , is the sum of all the above blue, green, grey and silver water:
Many countries in the Middle East use non-renewable water in the form of fossil water 3 and over abstraction from renewable aquifers 4 . The annual use of some countries includes such non-renewable water.
Determination of green water equivalent
Rain-fed agriculture
The basis of calculating the irrigation equivalent of soil water is the equivalence in plant yield per unit land area from soil water (rain-fed agriculture) and from irrigation water. The yield per unit land area of rain-fed agriculture varies with the frequency of precipitation during the rainy season (winter crops), the soil type, climatic conditions, agricultural inputs such as type of seeds, fertilizers, machinery, farmer's skills and others. In all cases, the productivity per unit land area of rain-fed agriculture in the Middle East does not match the corresponding productivity of irrigated areas under which water application is controlled, intensive farming techniques are employed and research and extension services are more abundant than is the case in rain-fed agriculture.
On the rangeland side, it is to be noted that higher evaporation rates and sustained sunshine in semiarid areas render the lifespan of pastures relatively short. Additionally, if the grazing livestock is below the capacity of the pastures, grass usually dries up and cannot be collected and stored for later use.
Worldwide, Gleick (2000) reported that the irrigated area in 1998 was 18% of the cropped areas and produced 40% of the world's food. Postel (1999) is quoted in the FAO 1996 Production Yearbook where she reported that, in 1996, the irrigated land comprised 17% of the cropland and accounted for 40% of the food produced in the world that year. Averaging of the two reports shows that the irrigated crop lands percentage of 17.5% produced 40% of worlds food. The balance of the food produced (60%) can thus be attributed to the rain-fed agriculture whose cropland average was 82.5%.
From the above data, the following relationships are drawn:
where A is the total cropped area in the world, Y is the amount of food produced in the world, p i is the productivity of irrigated agriculture and p r is the productivity of rain-fed agriculture. Solution of the above simultaneous equations (3) and (4) yields:
This quotient is, by sheer coincidence, the value of p, the constant ratio between the circumference and the diameter of any circle, well known in plane geometry 5 :
A similar ratio was obtained for the productivity of irrigated wheat in the Jordan Valley and rain-fed wheat on the Jordanian Plateau with an average rainfall of 375 mm 6 . This precipitation intensity is the usual intensity that can produce rain fed crops in the Middle East and is adopted herein.
The irrigation water equivalent that produces an annual application rate of 375 mm at the point of use is expanded to account for conveyance and distribution efficiency. The weighted average of the efficiency value of the Middle East countries is: 
The mean water multiplier is the inverse of E and is equal to 1.67. The irrigation water depth, measured at the water source, has to account for the difference of crop yields as shown above. It is therefore calculated as follows:
Multiplied by the per capita share of rain-fed cropped land area, measured in dunums 11 , the irrigation water equivalent, measured in cubic meters per capita at the water source is equal to:
Where R is the per capita share of rain-fed cropped land, measured in dunums.
Natural rangeland
The assumptions made here regarding contributions of natural rangeland to water resources availability are enumerated below. While these assumptions pertain to semi-arid countries, they are definitely not valid for other countries where rainfall intensity and frequency could support natural rangeland year around. The assumptions are:
. The growing season of natural rangeland is only one-tenth that of the irrigated fodder fields; this is justified by virtue of the short growing season and the hot climate that shortly follows the rainy season. . The productivity of irrigated fodder (number of cuttings and yield of each) is five times the productivity of natural rangeland and . Only half of the total grazing lands as reported to FAO are actually grazed by livestock belonging to the country under consideration 12 .
7 Population of the low income category (Yemen). 8 Population of the countries in the lower middle income category (Egypt, Iraq, Jordan, Palestine, Syria). 9 Population of the upper middle income category (Lebanon, Oman, Saudi Arabia). 10 Population of the high income category (Bahrain, Israel, Kuwait, Qatar, UAE). 11 One dunum a unit of land area is equal to 1,000 m 2 . 12 This is a reasonable average in light of the frequency of droughts in the Badia where most of the natural pastures are located. It is also customary in the Middle East to find that livestock from a country in the grazing season cross over and feed on the pastures of the neighboring country.
These assumptions lead to the conclusion that the natural rangelands of the Middle East are only worth 1% of the irrigated fodder fields. In other words, the water worth of natural rangeland is only 1% the water used to irrigate fodder fields. The water duty of fodder, at the farm level (point of use), is 1,460 m 3 per dunum per growing season 13 , or 1,460 mm of water depth. At 1% worth, the natural rangeland in the semi-arid regions contribute a net rainfall depth of 14.6 mm per year, a practical average for the Badia region where most of the natural rangelands are located in the Middle East. As an approximate value, the figure of 15 mm is adopted. With an overall irrigation efficiency of 0.60 (see above), the irrigation water equivalent of the natural rangeland, measured at the irrigation water source, is, approximately:
where W p is the irrigation water equivalent of natural rangelands, in cubic meters per capita and, p is the per capita share of natural rangelands, in dunum. The contribution of green water to the water resources availability, measured in the form of irrigation water equivalent is therefore:
where, as defined above, R and p are the per capita share in dunums of rain-fed crop land and natural rangeland respectively. It is to be noted that the analysis of green water warrants a more rigorous approach based on research in the field and the laboratory. The approximate values adopted above are viewed close enough for approximate practical applications.
Numerical water analysis for countries of the Middle East
Water demand for the three categories
The water demand for the three income categories as applied to the countries of the Middle East is shown in Table 9 . The demand is broken down into agricultural, municipal and industrial demands. Table 10 shows the adjustment in the water demand with regard to the contribution of sea water fisheries harvested by coastal countries.
Adjustment of water demand
Contributions of natural rangeland
Contribution of the rangeland is done using the areas of rangeland in each country and computing the per capita share of this area. The water equivalent is computed using equation 8. Table 11 shows the data used in the computation and the contribution of rangeland to the water potential of each country of the Middle East. Table 12 lists the production of desalinated water in the countries of the region.
Accounting for desalinated water
Total water potential
The total water potential is the sum of the surface and ground water resources (G&S), the desalinated water, the soil water and the natural pastures (Table 13) . Treated wastewater resources used in irrigation fall in the category of usable resources and should be added where employed.
Calculation of agricultural shadow water
Shadow water is the component that maintains water equilibrium in the industrial and agricultural sectors and provides an opportunity to divert agricultural water to municipal use. Table 14 shows that two countries in the region, Iraq and Syria, had the agricultural water potential to achieve sufficiency in the year of data. It is not possible for the rest of the countries to eliminate agricultural shadow water before their income category is upgraded and their water management substantially improved. Table 2 ). d Ceiling for upper middle income countries computed as 175 divided by the efficiency which is assumed to be 0.65.
A look at the total demand, compared to water potential, is warranted to set the ranking of water potential compared to demand. Table 15 shows such a comparison and indicates that the countries, ranked in order of highest water shortage, are as follows:
Kuwait, Palestine, UAE, Bahrain, Jordan, Oman, Qatar, Israel, Yemen, Egypt, Saudi Arabia and Lebanon. Syria and Iraq had surpluses in the year of data (2000). of water in any of the countries of the region, which is the cost of silver water delivered to the irrigation areas. It is noted that, while the calculated resources for Syria and Iraq qualify them to achieve a balance in their foreign trade in food commodities, both sustained agricultural trade deficits in the year 2000. Iraq's conditions were not normal and Syria's rain-fed production was below average in that year because of less rainfall than average. 
a Last column in Table 13 plus the contributions of sea fisheries from Table 10 . 
Conclusions
Shadow water is a significant component of the water resources of arid and semi-arid countries. It enables them to achieve water equilibrium in the industrial and agricultural sectors. It is a crucial factor to be considered in the allocation and reallocation of indigenous water resources.
Shadow water and free trade are important complementary tools for optimum management of irrigation water and water management in general. They provide the means to "globalize" water resources and have water short countries share the benefits of water availability in water-blessed countries at a cost much below the marginal cost of indigenous water.
An estimate of the blue water equivalent of green water is presented which enabled the calculation of the total water potential of the arid and semi-arid countries of the Middle East. Water demand is calculated for each income category of these countries and compared to the total water potential. The water demand is shown to be (in m 3 /capita/year) 1300, 1500, 1700 and 1900 for the high, upper middle, lower middle and low income categories, respectively. Only two countries of the region, Iraq and Syria, have the potential for water equilibrium by which demand can be matched by supply in the year of data (2000).
The analysis shows that the cost of shadow water is much less than the cost of the marginal cost of water. In countries with a water shortage, the marginal cost becomes the cost of silver water (desalination). The analysis finally lists the countries of the region in accordance with their water shortage.
